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keto group of one of the central bacteriochlorophylls of the complexes is identified by Raman spectroscopy in the model antenna complex containing one of the alanine-leucine helices. The additional OH group of the serine residue, which participates in hydrogen bonding, increases the thermal stability of the model complexes in the native membrane. Intramembrane hydrogen bonding is thus shown to be a key factor for the binding of bacteriochlorophyll and assembly of this model cofactor-polypeptide site.
(Bacterio)chlorophyll ((B)Chl) 1 proteins are at the center of energy conversion of almost all photosynthetic organisms. The (B)Chl cofactors are mostly bound to the transmembrane (TM) domains of pigment protein complexes embedded in the photosynthetic membranes (1, 2) . Multiple types of interactions exist between the (B)Chl and the surrounding polypeptide(s). The best understood interaction between the polypeptides and (B)Chl is the ligation of the central magnesium ion by a suitable residue, frequently a histidine (2) . Multiple additional types of interactions between the (B)Chl and the surrounding polypeptide(s) are obvious from the complex structures of the (B)Chl with up to four peripheral CϭO groups, several asymmetric centers, and the long chain esterifying alcohol. The involvement of carbonyl groups in intermolecular hydrogen bonds has been explored in detail for the acetyl and keto groups of BChl in photosynthetic complexes from purple photosynthetic bacteria. In the case of the acetyl group, hydrogen bonding to neighboring residues modulate the functional properties, specifically the excitation energies of BChl a in light harvesting (LH) complexes from purple bacteria (3, 4) . It has also been suggested that hydrogen bonding to the acetyl group contributes to the tuning of the redox energies of P870 in bacterial reaction centers (5) , but this is still under some dispute (6) . Hydrogen bonding to the C13 1 keto carbonyl at the isocyclic ring, which is common to all chlorophylls, seems to be widespread (6 -9) but appears to have less or no effect on the electronic properties of (B)Chl (6, 9, 10) . In the crystal structure of photosystem I reaction center (2) , which comprises more than 10 TM subunits and contains nearly 100 Chl-binding pockets, the majority of the polar groups of Chls, in particular the C13 1 keto group, are likely to be hydrogen-bonded by the polypeptide residues in close vicinity (9, 11, 12) . It is not exactly understood, however, whether these hydrogen bonds essentially contribute to the structural stability of the membraneembedded (B)Chl proteins.
In recent years, major advances have been made in the understanding of the factors that determine membrane protein folding and assembly (for a recent review, see the work of DeGrado et al. (13) ). Hydrogen bonding interactions have been proposed to significantly contribute to the stability of helixhelix associations devoid of cofactors. Formation of hydrogen bonds is energetically far more favorable in the hydrophobic interior of the lipid bilayer than in a hydrophilic milieu, because of the low effective dielectric environment of the lipids. This has been demonstrated experimentally by comparison of the formation of intramolecular hydrogen bonding of model compounds in Me 2 SO and water (14) . Intermolecular hydrogen bonding may drive the assembly of transmembrane helices (TMH) in detergent and biological membranes (15) (16) (17) (18) . In addition, in numerous high resolution structures of membrane proteins, hydrogen bonding networks are likely to exist at helix-helix interfaces between membrane-embedded backbone keto groups and polar side chains as well as between side chain groups (19 -21) . Particular hydrogen bonding motifs have been identified in which residues with short side chains, especially serine, are frequently found, but also histidine and tyrosine are often present in these motifs (20, 22) .
In photosynthetic proteins, the detailed understanding of interactions between the membrane-embedded (B)Chl and the TM helix are not as far advanced. In many cases, the BChlhelix interactions exceed the helix-helix interactions and often play a key role in correct folding and assembly of pigment protein complexes (23) (24) (25) (26) (27) . Our strategy to study the binding of BChl to membrane-embedded helices and the assembly to stable TMH/BChl pockets is based on the use of model BChl proteins, modified in particular near the BChl-binding sites. In previous works, ligation of the central magnesium atom of coherent Argon laser (Innova 100), to histidines of synthetic de novo peptides has been achieved by a chemical modeling approach (28, 29) . This approach, however, depends on the reconstitution with pigments in a non-native system and relies on aqueous systems, either by use of detergents or by rendering the helices water-soluble. Here, we use a complementary approach to synthetic systems that is based on the "quasi-homologous" expression of model BChl proteins in a modified Rhodobacter sphaeroides strain (30, 31) devoid of all native BChl proteins and the study of their assembly in the native, photosynthetic membrane.
The main objective of this study has been the exploration of the role of intramembrane hydrogen bonding in BChl binding and assembly of light harvesting systems in their native membrane environment. The residues of the BChl-B850-binding 2 site of the peripheral antenna complex, LH2, from R. sphaeroides, have been successively replaced by simplified alternating Ala-Leu stretches up to the point where LH2 assembly was abolished. Restoration of the assembly of the light harvesting active BChl-B850 site has been achieved by the insertion of a single serine residue in the Ala-Leu stretch close to the BChl. The BChl organization and energy transfer functions of the resulting complexes have been evaluated. The hydrogen bonding states of the BChl-B850 keto carbonyls have been examined in the presence and absence of serine in mutants with suitable expression levels allowing for FT Raman resonance spectroscopy. As a result of this study, the contribution of hydrogen bonding to the stable assembly of light harvesting complex with model BChl-binding sites has been elucidated within the native lipid environment.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, Gene Transfer, and Growth Conditions-The bacterial strains used in this work include Escherichia coli strain S17-1 ((thi pro hsdRϪ hsdM ϩ recA RP4 -2 (Tc::mu Kan::Tn7) and R. sphaeroides strain DD13 (genomic deletion of both pucBA and pufBALMX; insertion of Sm R and Kan R genes, respectively) (30) . The mobilizable plasmids used were based on pRKCBC1 (Tc R , derivative of pRK415; insertion of a 4.4-kb fragment encompassing pucBAC); briefly, this expression vector contains the pucBA genes as a 420-base pair KpnI-BamHI insert (30) . Growth conditions for E. coli and R. sphaeroides were as described in Ref. 31 . For E. coli, tetracycline was used at concentrations of 10 g/ml. For R. sphaeroides, the antibiotics were tetracycline (1 g/ml) and neomycin (10 or 20 g/ml). Conjugative transfer of plasmid from E. coli S17-1 to R. sphaeroides was performed as described (31) .
Construction of Mutant LH2-The construction of ␣AL has been carried as described previously (32) . For the construction of ␤AL, pucB was subcloned into pGem4ϩ (Invitrogen) using an engineered HindIII site between pucB and pucA, just downstream of the stop codon of pucB, and a KpnI site upstream of the pucB coding region. Two additional sites, MluI and NcoI, were introduced into the pucB coding region by site-directed mutagenesis (QuikChange; Stratagene, La Jolla, CA). Novel pucB was constructed by replacing the MluI-NcoI fragment by a double-stranded oligonucleotide encoding a stretch of 18 residues, yielding the LH2-␤ TMH with the novel sequence LLIALLAHLLAA (see Fig.  1 ). For the construction of ␣AL S Ϫ4 and ␣AL with Cys, His, Asn, Gln, Asp, Glu, Lys, Phe, and Tyr at position Ϫ4 instead of Ala, the pucA gene with model helix AL was further modified by site-directed mutagenesis (QuikChange), and pucA was subcloned into Topo-TA (Invitrogen) using an engineered HindIII site between pucB and pucA, just downstream of the stop codon of pucB, and a BamHI site downstream of the pucA coding region.
Instrumentation-UV-visible absorbance spectra were recorded on a Lamda 25 spectrophotometer (PerkinElmer Life Sciences) or Shimadzu UV-2401PC, CD spectra on a Dichrograph CD6 (Jobin Yvon). FT Raman spectra were recorded using a Bruker IFS 66 interferometer coupled to a Bruker FRA 106 Raman module equipped with a continuous coherent Argon laser (Innova 100), as described previously (3) .
Preparation of Intracytoplasmic Membranes-The membranes were prepared from cells grown semi-aerobically in the dark by disruption in a French pressure cell and subsequent centrifugation on a sucrose step gradient (32) .
Thermal Denaturation of LH2-Thermal denaturation of membranes containing LH2 from R. sphaeroides DD13 was carried out as described (9) . In essence, purified membranes, wt LH2 and LH2 ␣S(Ϫ4)A were adjusted to an A 850 nm ϭ ϳ3 cm Ϫ1 in Tris (10 mM, pH 8) EDTA (1 mM) and measured in a 1-mm cylindrical quartz cuvette. The samples were heated from 4 or 15 to 95°C at a constant rate of 1°C min Ϫ1 , and the CD signal at 845 nm was recorded every 0.05°C (integration time, 0.2 s). Variations in sample turbidity (can be mimicked by the addition of milk to LH2 membrane samples) do not significantly affect the NIR-CD spectrum. The spectra were fitted or smoothed using the graphing and data analysis software Origin 7.0 (OriginLab Corporation).
RESULTS
Design-This work is aimed at designing model BChl proteins (a) that are sufficiently destabilized not to assemble in vivo and (b) of which the assembly can be restored by sitedirected "rescue mutations" (Fig. 1) . Our strategy is to redesign the TMHs of the two apo-proteins that make up the LH2 subunits. In particular, large portions of the regions in close vicinity of the BChls are mutated to successively eliminate or perturb essential interaction at the BChl/polypeptide interface without altering domains that do not directly interact with pigments but appear to be critical for the overall assembly (1, 33) . The genes encoding the mosaic polypeptides, consisting of model sequences in the TMH, in particular, the BChl-B850-binding site region, and of native sequences adjacent to this site, are then expressed in situ. An engineered strain of purple bacterium, R. sphaeroides (30) , serves as the expression system; it lacks the operons encoding the apoproteins of the photosynthetic apparatus but provides the assembly factors, pigments, and membranes that are required to test its fitness as a light harvesting unit within a nearly native system.
For the construction of the model BChl-binding sites, native residues of the BChl-B850 TM domains have been replaced by simplified alternating Ala-Leu stretches as described previously (32) (Fig. 1) . The Ala-Leu stretch, ␣AL, which replaces the BChl-B850 site in LH2-␣, extends over a stretch of 14 residues ranging from valine Ϫ7 3 at its N terminus to threonine ϩ6 at its C terminus (32) . In LH2-␤, the Ala-Leu stretch, ␤AL, extends over 10 residues, ranging from glycine Ϫ7 to leucine ϩ2 (Fig. 1A) . These stretches make up most of the residues of the TMHs (except of ␤Phe Ϫ8 and ␤Ala ϩ3 ) that are in close contact (Յ4.5Å) with the BChl-B850 molecules of both the ␣-and ␤-subunits (33) (Fig. 1B) . Neither His 0 , which binds the central magnesium of the BChl-B850, nor the adjacent Ile Ϫ1 of LH2-␣ were replaced, and Met Ϫ5 of LH2-␤ was changed to isoleucine instead of alanine. In the LH2-␣ of the R. sphaeroides wt sequence, residues at positions Ϫ5, ϩ1, and ϩ2 happened to be Ala already, and the residue at position ϩ4 is a Leu. In total, eight "new" residues have thus been introduced in the 14-residue-long stretch enclosing all TMH residues of the BChl-B850 site (Fig. 1A) . Similarly, in wt LH2-␤, residues Ϫ4 and Ϫ1 are Ala already, and residues Ϫ3 and ϩ2 are Leu, resulting in a total of five "new" residues in the 10-residue-long stretch. A third mosaic polypeptide, ␣AL S Ϫ4 (Fig. 1A ) has been constructed, identical to ␣AL, except for the residue at position Ϫ4, which is alanine in ␣AL and serine in ␣AL S Ϫ4. To examine the assembly of antenna complexes in the presence of model sequences, the mosaic polypeptides were expressed in combination with either the complement wt polypeptide or with each other in the R. sphaeroides deletion strain DD13, which is devoid of BChl-binding proteins (LH1 Ϫ , LH2 Ϫ , and RC Ϫ ) but capable of BChl synthesis (30) . In this strain, expression of the novel LH2 complexes may be studied without the interference of endogenous, native BChl protein complexes, especially native LH2, and their electronic properties yield information on their ability to bind BChl molecules and assemble into nativelike, angular structures.
In Vivo Assembly of Model BChl Proteins-The assembly of the complexes is monitored by absorption spectroscopy, because significant spectral alterations accompany the BChlBChl and BChl-polypeptide association to the native (␣␤) 9 or similar complexes. The near infrared absorption spectra of purified membranes of LH2-like complexes in which only one subunit has been replaced by the model TMH with the Ala-Leu stretch are similar to the spectra of wt LH2 complexes ( TMH AL , typical for the B800 pigments, and to 849 nm in wt and 848 -53 nm in TMH AL , typical for the B850 pigments in LH2 complexes. If both the TMHs of the ␣-and ␤-subunits are replaced by TMH AL , the B800 and B850 bands of LH2-like antenna complexes are lost, nor are there any other near infrared absorption bands. The absorption spectra of whole cells containing LH2 with ␣AL-␤AL are characterized by one main absorption band with the maximum at Ϸ765 nm (Fig. 2, upper  panel) , which is typical for "free" monomeric BChl, i.e. BChl that is not (tightly) bound to polypeptides and not assembled into pigment protein complexes. This indicates that simultaneous replacement of the TM domains, which make up the BChl-B850-binding site, results in the loss of the antenna complex from the membrane.
Remarkably, assembly is restored in membranes containing LH2 with such doubly modified TMHs in which a serine residue replaces alanine at position Ϫ4 in model ␣AL S Ϫ4 (Fig. 2,  lower panel) . In this rescued LH2 with ␣AL S Ϫ4-␤AL, the absorption bands of the B800 and B850 BChl are clearly observed at 800 and ϳ850 nm, similar to wt LH2 as well as novel LH2 complexes with ␣AL-␤wt, ␣AL S Ϫ4-␤wt, and ␣wt-␤AL, in which only one subunit has been replaced at a time. These absorptions are typical for LH2; there are, however, a number of minor changes in the absorption spectrum of ␣AL S Ϫ4-␤AL. The red-most absorption band is slightly red-shifted from 849 to 853 nm in comparison with wt LH2 (Table I) . A similar shift is also observed in LH2 with ␣AL S Ϫ4-␤wt as well as in LH2 with ␣AL-␤wt. Therefore, this shift may indicate minor structural rearrangements of the BChl-B850 dimer because of the sequence changes in ␣AL. In addition, the B800/B850 absorption ratio is reduced (Fig. 2) either indicative of a partial loss of BChl-B800 and/or of structural reorganization of this site (34, 35) . In membranes containing ␣AL S Ϫ4-␤AL, the B800 transition is broadened to the blue side, and there is a shoulder at ϳ770 nm indicative of elevated amounts of "free" BChl, which points to defects in the assembly and/or stability of the complexes (Figs. 2 and 3A ) (32) . Quantitatively, less LH2 is assembled with ␣AL S Ϫ4-␤AL as compared with wt LH2 (and also to LH2 with ␣AL S Ϫ4-␤wt) as evaluated from the relative strength of the absorption bands in the nearly infrared and blue regions of the spectrum (Fig. 3A) . Nevertheless, the red shift to 850 nm is clearly retained, which indicates that the assembly of novel LH2 with the model BChl-B850 site is restored by a single serine residue, which replaces alanine at position Ϫ4 in the Ala-Leu stretch of ␣AL.
The CD signal, in particular of the BChl-B850 transition, is largely retained in the LH2 with the model BChl-binding site, ␣AL S Ϫ4-␤AL. As shown in Fig. 3B , the conservative, S-shaped CD signal in the nearly infrared with extrema at ϳ848 nm (ϩ) and ϳ872 nm (Ϫ) and zero crossing at ϳ857 nm, is similar for wt LH2, LH2 with ␣AL S Ϫ4-␤wt and LH2 with ␣AL S Ϫ4-␤ AL . In addition, the optical activity of BChl-B800, seen as a negative trough near 800 nm (34) (Fig.  3B) . Because BChl-BChl couplings are mainly accountable for the typical CD signal (36 -39) , it is agreed that its exact shape serves as a fingerprint for the BChl arrangement. Apparently, the redesigned TMHs support not only binding of BChl but also association into structures with a geometry producing that of the BChl-B850 and BChl-B800 in native LH2. The replacement of alanine Ϫ4 by serine in the model helix, ␣AL, therefore restores the formation of the correct overall BChl-B850 geometry and arrangement in complexes that have their BChl-B850-binding site substantially mutated in both the ␣-and ␤-subunits.
Excitation Transfer within the Model BChl Proteins-To assess the functional fitness of the LH2 complexes with model TMH AL , energy transfer among the pigments has been examined by fluorescence excitation spectroscopy. The excitation spectra (Fig. 4) show features similar to those of the absorption spectra (Fig. 3A) when detecting at 870 nm. In particular, the broad excitation band at 450 -550 nm and the 800-nm excitation band show that efficient energy transfer takes place from the carotenoids and BChl-B800 to BChl-B850 (Fig. 4) . The broad absorption at 450 -550 nm is typical for sphaeroidenone, the major carotenoid of LH2 grown under semi-aerobic conditions. In LH2 complexes with ␣AL S Ϫ4-␤wt and ␣AL S Ϫ4-␤AL, the energy transfer from the carotenoids is somewhat altered, as indicated by the slightly blue-shifted and decreased carotenoid contributions relative to the Q x transition of the BChl molecules at ϳ600 nm (Fig. 4) . Moreover, the 800-nm excitation band is reduced in LH2 with ␣AL S Ϫ4-␤wt compared with wt LH2 and LH2 with ␣AL S Ϫ4-␤AL. Irrespective of these minor changes, energy transfer clearly occurs not only from B800 to B850 but also from carotenoids to BChl-B850. Such energy transfer from carotenoid to BChl can only be observed in pigment protein complexes (and under no circumstances in BChlBChl-Car mixtures). Taken together, these results show that, changing either 8 of 14 TMH residues in LH2-␣ (32) or 5 residues of 10 in LH2-␤ (␤-Gly Ϫ7 , Gly Ϫ6 , Met Ϫ5 , Ile Ϫ2 , and Phe ϩ1 ) of the BChl-B850-binding site region significantly changes neither the geometry nor the functional properties of the BChl, suggesting that this region is of minor importance for the spectral and functional modulation of BChl-B850. Replacement of one of the TMHs, which make up the polypeptide scaffold for the BChl-B850 site, by the model helix AL still sufficiently supports the assembly of complexes with very similar structural and functional properties as wt LH2 complex. Simultaneous replacement, of both the ␣-and ␤-BChl-B850 TM domains by model helix AL, however, results in the overall loss of LH2 complex from the membrane (Fig. 2) . Remarkably, the assembly of such doubly modified LH2 complexes is efficiently restored to light harvesting active pigment protein complexes by the insertion of a single serine residue into the model sequence of ␣AL.
Hydrogen Bonding between Serine Ϫ4 of ␣AL S Ϫ4 and BChl-B850 -To further elucidate the interactions of the serine at position Ϫ4 within the model LH2 complex, we have used resonance Raman spectroscopy to directly probe the interaction of BChl with their polypeptide environment, in particular, hydrogen bonding of the carbonyl groups conjugated to the system (3, 9, 40). Low energy shifts of up to 40 cm Ϫ1 of the CϭO stretching modes are diagnostic of the strength of hydrogen bonding, whereas the dielectric constant (polarity) of the binding pocket may tune their frequency by 10 -20 cm Ϫ1 (41). Because of the selectivity of the Raman excitation, hydrogen bonding between the BChl and surrounding residues can even be measured within the native membrane (which is devoid of endogenous BChl proteins). The sensitivity of Raman spectroscopy, however, is low in comparison with other spectroscopic techniques such as optical or fluorescence spectroscopy, and only spectra of mutants with expression levels similar to wt
FIG. 3. Optical absorption and CD spectra of wt LH2 (-), LH2 with ␣AL S ؊4-␤wt (•-•), and ␣AL S ؊4-␤AL (--).
Absorption spectra (A) and CD spectra (B) are of purified membranes from R. sphaeroides DD13. The spectra are normalized to the BChl-B850 peak at ϳ850 nm. may be reliably measured. Therefore, resonance Raman data could be obtained for wt LH2 and for ␣AL S Ϫ4-␤wt as well as a point mutant, ␣S(Ϫ4)A (9), in which ␣-serine Ϫ4 is substituted by an alanine residue in the wt LH2-␣ sequence context, but neither for ␣AL S Ϫ4-␤AL nor ␣AL-␤wt, which turned out to be at levels in the membrane that were too low.
In apolar solvents and in the absence of hydrogen bonding interactions, the 13 1 keto stretching mode of BChl a is located at 1685 cm Ϫ1 and that of the 3-acetyl carbonyl group is at 1663 cm Ϫ1 (40) . Close to the bands arising from the stretching modes of these groups, on the lower frequency side, there is a band arising from the methine 32 bridge stretching modes of the (B)Chl molecules. This band, which is sensitive to the conformation of the (B)Chl macrocycle, may be used for comparing the intensity of the different bands from the carbonyl stretching modes, thus assessing what happens in this spectral region upon, for example, a mutation. In the resonance Raman spectrum of wt LH2, five bands in the carbonyl stretching modes region (1620 -1710 cm Ϫ1 ) are resolved (Fig. 5) , similar to the findings of (42) . The bands at 1627 and 1635 cm Ϫ1 have been attributed to the C-3 acetyl groups of the BChl-B850 (3). The stretching mode of the acetyl carbonyl of the BChl-B800 also contributed in this frequency range, but it is very weak in FT Raman spectra (35) . The remaining bands have been attributed to the 13 1 keto carbonyl of the BChl-B850 (1651 and 1677 cm Ϫ1 ) and of the BChl-B800 (1701 cm Ϫ1 ) (9, 42, 43). The considerable downshift of one of the BChl-B850 13 1 keto bands to 1651 cm Ϫ1 has been proposed to reflect strong hydrogen bonding (42) . More recently, this hydrogen bond has been assigned by site-directed mutagenesis to the hydroxy group of ␣-serine Ϫ4 and the 13 1 keto group of ␤-BChl-B850 (9). The FT Raman spectrum of ␣AL S Ϫ4-␤wt resembles the spectrum of wt LH2 in the carbonyl region; in particular, the band at 1651 cm Ϫ1 is clearly discernable (Fig. 5) . The two low frequency bands at 1627 and 1635 cm Ϫ1 are replaced by an intense 1630-cm
Ϫ1
band. The merging of the 1627-1635 cm Ϫ1 bands has already been observed previously in the LH2 spectra from ␣S(Ϫ4)A (9) and from R. sphaeroides G1C, which produces as the major carotenoid neurosporene (44) . In R. sphaeroides G1C, it has been attributed to a minor reorganization of the C-terminal end of the ␣ polypeptide, because of the change in the chemical structure of the carotenoid. The band at 1677 cm Ϫ1 is broadened and probably split into two bands with frequencies at ϳ1673 and 1685 cm Ϫ1 , whereas the intensity of the band at 1701 cm Ϫ1 is strongly reduced. One possible explanation for these alterations may be that the BChl-B800 assumes an altered conformation in the model BChl-binding site, which leads to an increase in the polarity around the keto group (which is located in the membrane interface close to the cytoplasmatic lumen) and thereby shifts its Raman frequency by 15 cm Ϫ1 to higher wave numbers. In accordance, the reduced ratio of the B800/B850 absorption bands (Fig. 3A) and the reduced B800 fluorescence excitation band point to either a partial loss of the B800-BChl or to a reduced extinction coefficient because of alteration in this site (34) . In any case, the modifications in the Raman spectra indicate that some rearrangement may occur upon the replacement of the BChl-B850 TM-binding domain with ␣AL S
Ϫ4.
The remaining spectrum of ␣AL S Ϫ4-␤wt is very similar to the spectrum of wt LH2. In particular, the band at 1651 cm Ϫ1 , which has been assigned to the hydrogen-bonded C13 1 of ␤-BChl-B850 is clearly present. In contrast, in the FT Raman spectrum of LH2 with ␣S(Ϫ4)A, the band at 1651 cm Ϫ1 is nearly absent, whereas the band at 1677 cm Ϫ1 has gained intensity and is shifted to slightly lower energies (Fig. 5) . The loss of the 1651-cm Ϫ1 vibration and the concomitant increase at ϳ1677 cm Ϫ1 indicate that in the mutant LH2, where ␣-serine Ϫ4 is replaced by alanine, the hydrogen bond to the 13 1 keto carbonyl group of ␤-BChl-B850 has been disrupted (9). As discussed above, the FT Raman signal of LH2 with ␣AL-␤wt as well as ␣AL S Ϫ4-␤ AL are too weak to be clearly detectable against the background of the signals of the lipid and carotenoid molecules within the membrane (not shown). Conceivably, also in LH2 with ␣AL-␤wt, which do not have the hydroxy group of ␣-serine Ϫ4, the BChl-B850 keto carbonyl groups are free of strong polar intermolecular interactions with neighboring polypeptide residues. In LH2 with ␣AL S Ϫ4-␤ AL , the presence of the hydroxyl group of serine Ϫ4 possibly results in a hydrogen bond to the keto group of BChl-B850 similar to the hydrogen bond shown for LH2 with ␣AL-␤wt (which has the identical sequence in the ␣-subunit).
Taken together, the FT Raman results strongly suggest that there is a hydrogen bond between serine Ϫ4 and the BChl-B850 in the model BChl-binding site of ␣AL S Ϫ4-␤wt similar to the bond in wt LH2. In the absence of the serine and consequently the hydrogen bond, the novel LH2 complex with model sequences as BChl-B850-binding site, is not assembled to detect- able amounts in the membrane (Fig. 2) . Apparently, the hydrogen bond between the serine and the keto group of BChl-B850 drives the assembly of the model BChl proteins within the native membrane. The importance of intramembrane hydrogen bonding for the folding and assembly of membrane proteins has recently been demonstrated (16, 15) . Here, we show that the assembly of BChl proteins may also be driven by intramembrane hydrogen bonding between the BChl and its binding polypeptide.
In a recent statistical analysis, the serine side chain has been shown to participate with the highest frequency of all amino acids in hydrogen bonding interactions at the interface of TMH bundles (20) . In addition, other residues, e.g. threonine and histidine, are frequently found in such intramembrane hydrogen bonds. It has therefore been tested which residues at position Ϫ4 would support assembly of LH2 with ␣AL-␤wt. The in situ spectra of LH2 with ␣AL-␤wt and with 11 different amino acids at position Ϫ4 show that the assembly of the model LH2 complex is critically dependent on the side chain of the residue (Fig. 6) . Assembly of LH2-like complexes in detectable amounts is observed only with serine, alanine, and threonine, whereas the other residues (Cys, His, Asn, Gln, Asp, Glu, Lys, Phe, and Tyr) placed at position Ϫ4 lead to the loss of novel LH2 complex from the membranes (Fig. 6 ). Because this list includes HObearing residues, a hydrogen bonding potential per se is obviously not sufficient to drive the association of the model proteins into LH2-like arrays. The assembly seems highly susceptible to changes in the nature of the side chain at position Ϫ4, indicating that these residues play a major structural role for the assembly of LH2. This demonstrates that critical interactions can be identified clearly in the model sequence context because of the high stringency of the inherently instable model system. Alignment studies of LH2 have actually shown that the residues at position Ϫ4 are strongly conserved in both subunits (32, 45) , pointing to a critical role in BChl binding and complex assembly. There seem to be only alanine and serine residues in the ␣-subunit and exclusively alanine in the ␤-subunit of natural LH2 and mutant proteins at position Ϫ4. Interestingly, threonine in the model sequence context does not lead to loss of LH2 complex, yet the hydroxyl group also did not significantly raise the expression level of ␣AL (not shown). This may be partly accounted for by steric hindrance of the longer side chain of threonine, which may prevent the formation of a strong hydrogen bond to BChl-B850.
Thermal Stability of the Model BChl Proteins-To examine the energetics of the contribution of the hydrogen bond between ␣AL S Ϫ4 and ␤-BChl-B850, the thermal stability of the LH2-like complexes has been determined in the native lipid environment (Fig. 7) . The thermal denaturation curves of wt LH2 is depicted in comparison with novel LH2 with the model transmembrane helices. ␣AL is clearly the least stable with a midpoint denaturation temperature of ϳ30°C (Fig. 7) . Considering that the optimal growth temperature is ϳ34°C for R. sphaeroides, it is little surprising that ␣AL is found in the membrane at considerable lower levels than wt LH2 (32) . In LH2 with ␣AL S Ϫ4-␤wt, which is identical to ␣AL-␤wt except for the exchange of alanine by serine at position Ϫ4, the T m is significantly shifted to higher temperatures (T m ϭ 55°C) approaching the T m of wt LH2 (T m ϭ 69°C) (9) . Interestingly, in LH2 with ␣AL S Ϫ4-␤AL, the T m is ϳ42°C, which is considerably higher than the T m of ␣AL-␤wt (Fig. 7) . This indicates that additional reduction of the native sequences by replacing the TM domain of the ␤-subunit with the model sequence to obtain ␣AL S Ϫ4-␤AL does not result in a complex with a thermal stability as low as novel LH2 with ␣AL-␤wt, i.e. in the absence of serine Ϫ4. Taken together, our results indicate that serine Ϫ4, which makes a hydrogen bond at the BChl/TMH interface in ␣AL S Ϫ4 (Fig. 5) , significantly raises the structural stability of the model BChl proteins. In the case of the model proteins, which have probably largely reduced native packing interaction in the BChl-B850 site, implementation of this hydrogen bond is essential for the complex to assume a sufficiently stable association to be detectable in the native membrane. DISCUSSION We have analyzed the contribution of hydrogen bonding between light harvesting bacteriochlorophyll and its binding polypeptide(s) to the complex assembly and structural stability in the native lipid membrane. Intramembrane hydrogen bonding to the polar groups of the (bacterio)chlorophylls, in particular the C13 1 keto group, which is common to almost all chlorophylls, is likely to be widespread (6 -9) , but modulation of the photosynthetic activity seems to be affected little or not at all by these bonds (9, 6, 10). To address the question whether such hydrogen bond(s) may drive the assembly of BChl proteins, we have designed model BChl proteins where large portions of the FIG. 6 . Assembly of novel LH2 in dependence of the residues at position ؊4. In situ spectra were taken of R. sphaeroides colonies expressing LH2 with ␣AL-␤wt and with the additional point mutation at position Ϫ4. Prior to measurements, the cells were grown for 48 h on plates with M22 minimal agar. Single colonies were stamped onto Whatman filter paper, and reflection spectra were taken directly on the paper. The model sequence in ␣AL is underlined, and the permutated residues at position Ϫ4 are shown in boldtype.
helices that make up the membrane-embedded BChl-binding site in peripheral antenna complex II are replaced by alternating alanine leucine stretches (Fig. 1) . Residues that have the potential to participate in hydrogen bonding are then inserted at a position in the alanine leucine stretch that is close to the C13 1 keto group of BChl-B850 (1). The formation of the hydrogen bond(s) to the inserted residue is confirmed by probing the interaction state of the C13 1 keto groups. The replacement of either one of the two helices, which make up the binding site by the model helices, maintains the assembly of light harvesting active, LH2-like BChl-polypeptide arrays. The combinatorial mutations in one of the two transmembrane BChl-B850-binding sites apparently do not result in significant alterations of the structural and light harvesting properties of the LH2-like complexes in the membrane (Figs. 3  and 4 ). In line with previous studies, this points toward a minor role of the intramembrane BChl-binding domains in modulation of the spectral properties of the BChls (32). Replacement of both helices, however, results in the loss of LH2-like complexes from the membrane (Fig. 2) . Previously, it has been shown that novel LH2 with model helices in the ␣-subunits are detected in the membranes at significantly reduced levels (32) . In the doubly modified complexes, stable assembly has now been completely eliminated. Apparently, the additional mutations result in such extensive reduction of the native pigment protein interactions that the subunits fail to bind BChl and/or to assembly to dimeric and oligomeric structures. Remarkably, the assembly of such extensively modified complexes is restored by a single serine residue at position Ϫ4 relative to the liganding histidine of the ␣-subunit (Fig. 2) . Replacing an alanine in the Ala-Leu stretch, it introduces a hydroxy group at C b , which is predicted to be positioned in the vicinity of the isocyclic ring of the BChls and is capable of hydrogen bond formation (Fig. 1) . Studies of membrane proteins devoid of cofactors in detergent micelles and biological membranes also indicate that hydrogen bonding between polar groups is a central motif and may even drive the association of TM helices in the membrane (15) (16) (17) (18) . Ligand binding and substrate affinity have recently also been correlated with hydrogen bonding to serine residues located in transmembrane helices of the dopamine and ␤-adrenergic receptors (46, 47) . By use of resonance Raman spectroscopy, we show that in an equally modified complex, except for a native BChl-binding site in the ␤-subunit, one of the C13 1 keto carbonyl groups of BChl-B850 is hydrogen-bonded in the presence of this additional hydroxy group (Fig. 5) . Previously, the serine at position Ϫ4 has been identified as the hydrogen-bonding partner to the C13 1 keto group of ␤-BChl-B850 in wt LH2 from R. sphaeroides by resonance Raman spectroscopy (9, 42) .
Substitution of the alanine residue at position Ϫ4 with different residues shows nonetheless that the potential to form hydrogen bonds per se is not sufficient to restore the assembly of the LH2-like complexes to the membrane (Fig. 6 ). In contrast, the assembly of the complexes is highly dependent on the particular side chain of the residues at this position in the helix. Of 12 residues, only threonine, besides serine, can replace alanine in the model helix without bringing about the total loss of assembled complex. Alignment studies of the LH2 ␣-and ␤-subunits show that the residues at position Ϫ4 are highly conserved (32, 45) . In addition, combinatorial mutagenesis studies suggest that these residues are indeed critical for the binding and functional modulation of BChl (48) .
We have shown previously that substitution of serine Ϫ4 by alanine in LH2 wt sequence neither abolishes assembly of nor strongly destabilizes LH2 ␣S(Ϫ4)A in the membrane (9) . In this mutant, the strong hydrogen bond between the serine OH and the keto carbonyl group of the BChl molecule is disrupted (9) , but the stretching frequency of the keto carbonyl group indicates that it is still involved in weak hydrogen bonding (1674 cm Ϫ1 compared with 1685 cm Ϫ1 in organic solvent; Fig. 5 , ␣S Ϫ4 A). One explanation could be that the hydroxyl hydrogen of the serine is substituted by another, weaker hydrogen bond donor, involving the nearby ␣-histidine 0 or, in an unconventional hydrogen bond (9, 49), ␣-alanine Ϫ4. Hydrogen bonding between these residues and BChl may partly compensate for the loss of the hydrogen bond to the OH of serine Ϫ4 and at the same time account for the relatively low Raman stretching frequency. The other nine residues introduced at position Ϫ4 have side chains that are bulkier than alanine (Fig. 6 ) and are thus likely to alter the interactions between the keto group and histidine 0 or alanine Ϫ4. Alternatively, additional alteration such as favorable packing effects may take effect in the presence of the short, compact alanine. However, irrespective of whether weak hydrogen bonding and/or additional interactions are involved, they do not entirely compensate for the loss of the hydrogen bonding energy of the HO-OϭC bond, as evidenced from the significantly reduced thermal stability of LH2 with ␣AL-␤wt as compared with the stability of LH2 with ␣AL S Ϫ4-␤AL (Fig. 7) . Apparently, the interactions with alanine, albeit favorable in mutant LH2 ␣AL S Ϫ4-␤wt, do not provide sufficient driving force to rescue the assembly of LH2-like complexes with both the ␣-and ␤-transmembrane BChl-B850-binding domains replaced by the model sequence stretches. In such doubly modified complexes with largely eliminated contacts in the binding pocket, strong hydrogen bonding of the BChl to the polar hydroxy group of serine seems to be required to compensate for the destabilization.
Using CD spectroscopy during thermal denaturation, we show that in novel LH2, the hydrogen bond(s) between the serine Ϫ4 and the C13 1 keto group increases the structural stability of assembled complexes in the membrane (Fig. 7) . The formation of energetically highly favorable hydrogen bonds has been demonstrated in lipid bilayers (14) . In isolated bacterial reaction centers, the stabilizing energy of similar hydrogen bonds has been estimated to amount to 16 -20 kJ/mol/hydrogen bond based on the analysis of the respective Raman shifts of the keto groups in a series of mutants (10) . Given that wt LH2 is comprised of nine ␣␤ protomers, the total contribution of the hydrogen bonds in model LH2 may then be substantial even if one keeps in mind that the values above have been obtained from reaction centers in detergent and may not fully reflect the conditions in the native environment. It cannot be excluded at this point that additional keto groups that are in close vicinity, such as C17 3 and C13 2 , also participate in the hydrogen bonding to serine Ϫ4 because these groups are not conjugated to the system and are thus "resonance Raman silent." Curiously, the absence of serine Ϫ4 in wt LH2 did not result in a significant alteration of the thermal stability of LH2 (9), suggesting that the hydrogen bond(s) plays a different role in the wt and model sequence context. Other examples for such context-dependent effects are found in membrane proteins devoid of cofactors (50) as well as in the interior of soluble proteins (51) . In wt LH2, there are a number of residues that interact both with ␣-BChl-B850 and ␤-BChl-B850 at a radius of Յ4 Å (33). In such "three-body" interactions, which have been proposed to be a significant factor for the stability of membrane proteins (19) , residues with short side chains, in particular serine residues, are frequently found (19, 22) . In addition to the specific residues participating in the three-body interaction, the sequence context in the vicinity seems to be essential for maintaining the stabilizing effects of such clusters (19) .
Taken together, our results show that intramembrane hydrogen bonding at the (B)Chl cofactor/polypeptide interface is a key interaction motif in model BChl proteins. The identified hydrogen bond clearly enhances the structural stability of BChl protein complexes in a context-dependent manner. Rescuing model BChl proteins can be used to systematically examine the impact of specific interaction motif(s), in particular of single mutations, at membrane-embedded pigment protein interfaces. Critical motifs may thus be detected within the context of the destabilized model system, which may pass unnoticed in the wt sequence context because of multiple, compensating native interactions.
